Introduction
A study was made based on suggestions made by Kent S. Sorenson (1992) on improving the applicability and ease of usage of the wellbore simulators HOLA, GWELL and GWNACL (Bjornsson, 1987; Aunzo et al., 1991) . The study concentrated mainly on the usage of Option 2 (please refer to the User's Guide; Aunzo et al., 1991) and modeling flow of superheated steam when using these computer codes. Amendments were made to the simulators to allow implementation of a variety of input data. A wide range of input data was used to test the modifications to the codes. The study did not attempt to modify or improve the physics or formulations which were used in the models. It showed that a careful check of the input data is required. This report addresses these two areas of interest: usage of Option 2, and simulation of wellbore flow of superheated steam.
Supplements to Option 2
The discussions and amendments described in this section apply to all three simulators. In Option 2 calculations are carried out from bottom to top to obtain a required wellhead pressure and other wellhead parameters (i.e., wellhead enthalpy, flowrate, temperature, and gas or dissolved solids content). Using known reservoir parameters the flowing bottomhole pressure is varied until the calculated wellhead pressure is close to the required wellhead pressure. The input in Option 2 includes:
-required wellhead pressure -initial guess for flowing bottomhole pressure of the deepest -calculation step for bottomhole pressure changes -maximum allowable error in wellhead pressure (difference between required and calculated wellhead pressures) -feedzone parameters: reservoir pressure, temperature (or enthalpy), productivity index and mass fraction of gas or dissolved solids. feedzone -well geometry -rock thermal properties Starting with an initial guess to the bottomhole pressure for the deepest feedzone, iterations are performed to calculate the thermodynamic parameters along the well and obtain the wellhead pressure within the maximum specified error. At the start of the calculation, the use of the guessed bottomhole pressure could result in a wellhead pressure which is lower or higher than the required wellhead pressure. The iteration scheme in Subroutine " ITHEAD" is then used to decide whether the next step is to reduce or increase the bottomhole pressure. Once the direction of the iteration is decided, the scheme may quickly converge to the bottomhole pressure which results in an acceptable wellhead pressure. If the iteration is not converging, the scheme decides what action to take next. The elaborate scheme was designed to accommodate different possible iteration directions. When it works smoothly the model is fast and accurate. However, because the input data are diverse, the correct solution may not be obtained in every case. In this study the iteration scheme was tested using a variety of input data. The tests and the modifications made are discussed below.
During the iterations to obtain a wellhead pressure within the prescribed error range, the bottomhole pressure of the deepest feed is varied, and the difference between the required and calculated wellhead pressures (DIFF) is recorded. As iterations progress, DIFF may change sign. In the old version iterations were stopped and an output was obtained corresponding to the last DIFF. As pointed out by Sorenson (1992) , the calculated wellhead pressure may not be within the specified error limit, particularly when large step sizes are used. In the present study methods were investigated to remedy this situation. Most of the necessary modifications were made in Subroutine " ITHEAD".
The first attempt was to divide the step size in bottomhole pressure change (PSTEP) by two whenever a sign change in DIFF occurred, and let the iteration continue. However, this resulted in DIFF oscillating between positive and negative values, causing other problems within the code. Because other calculations and fluid property evaluations within the code have their own iterative procedures, the modification was not acceptable. Ths is particularly true when superheated steam is involved.
The option which was found acceptable was to assign a reduced constant step size (PSTEP) and continue iteration in the opposite direction (Le., changing from increasing to decreasing bottomhole pressure, or vice versa). For this purpose reducing the step size by a factor of ten was found acceptable. Thus, if a sign change in DIFF occurs, PSTEP is reduced by a factor of ten and the calculation allowed to continue in the opposite direction. For most cases this will result in the desired solution. However, if the selected maximum error in wellhead pressure is very small, DIFF may not converge to the required solution. This could happen if the desired maximum error in wellhead pressure is very small or if the step size is very large. In both cases the sign of DIFF may again change. In the present set-up, iterations are stopped if the sign changes twice. It then becomes easier to make changes in the input file. The code already has so many options that additional options may interfere with the existing ones.
One solution to the above problem is to reduce the size of PSTEP in the input file. If the sign of DIFF changes, PSTEP will be reduced by a factor of ten, which would allow much smaller bottomhole pressure changes and the desired solution could be obtained. An alternative solution to the problem would be to use a reasonable maximum allowable error in wellhead pressure. It is worth noting that the different calculation schemes within the code have their own error limits, and a very small overall error limit may not be attainable.
Another area of the study involved making the iteration scheme more reliable. In the old version, for some input data, solutions could not be obtained mainly due to convergence problems. Modifications have now been made in the iteration scheme to improve convergence.
With the modified codes, an efficient use of Option 2 will result in the desired wellhead pressure without major problems. This requires a careful selection of the maximum error between calculated and required wellhead pressures, step size (PSTEP), initial bottomhole pressure, and feed zone characteristics. For example, too high a mass flowrate would result in choking. Care must be taken when modeling the flow of superheated steam using this option, as discussed below.
Simulating Flow of Superheated Steam
The application of the simulators to model wellbore flow of superheated steam was also studied. As dissolved solids are assumed to remain in the liquid phase, the simulator GWNACL was not included in the study. The simulators were designed to handle superheated steam, although more emphasis was given to two-phase and single phase liquid. Consequently, the User's Guide (Aunzo et al., 1991) has very little reference to modeling flow of superheated steam.
To use the existing simulators to model wellbore flow under superheated conditions required a cautious use of input data, as well as modifications of some subroutines. As an example, problems encountered in modeling flow of superheated steam using the simulator GWELL with Option 2 are discussed here. Simulations were carried out for selected input data. The correct solution was not always obtained. In the cases where output was not obtained, messages such as "choking" and "pressure less than zero" were displayed. A closer look at the subroutines shows other problems as well. In the iteration scheme described in Section 2, temperature, pressure or both could attain high values and go out of bounds. The fluid property equations have limits which do not allow excessive values of pressure and temperature. Upon checking the subroutines in GWELL and the input and output files, the problems could be traced to:
(a.) Input data. Excessive fluid velocities could, for example, be caused by assigning very high mass flowrates and small pipe radii.
Too low a bottomhole pressure or a large step size also have a similar effect.
(b.) Limits set in the subroutines. A maximum temperature of 374.15 "C had been set.
To address the problem discussed in part (b) above, changes were made in relevant subroutines. The modifications described below apply to both Options 1 and 2. As pointed out by Sorenson (1992) , the code had limitations in the handling of superheated steam. These were mostly due 'to limits set for fluid properties. As also pointed out by Sorenson(l992), one of these limits was in Subroutine "GENERAL" for critical flow. This subroutine checks for the critical point of water. The criterion used was based on temperature only. However, the critical point of water is defined by both p= 212.2 bar and T= 374.15 "C. The pressure criterion has been added in the subroutine "GENERAL". Similar changes were made in other subroutines also.
Other limits are in the equations of state used to evaluate fluid properties. For water, the steam table equations used by the reservoir simulator MULKOM (Pruess, 1983) were adopted. The property equations were originally given by the International Formulation Committee (1967). The simulator GWELL, which handles non-condensable gases, uses equations of state for the system . These equations have specified accuracy and usage ranges (please refer to the User's Guide; Aunzo et al., 1991 for individual equations). Thus, the use of these equations is limited to their individual specific temperature and pressure ranges. As mentioned above, very high temperatures may be encountered during the iterations even if the converged final temperatures are within limits. But the existing codes do not allow the temperature to go beyond 374.15 "C and in such occasions the iteration process was stopped. The maximum temperature has now been set to 500 "C.
Exercises Using Option 2
The following are example problems using the modified simulators HOLA and GWELL with Option 2. The first ten example problems are based on Sample 3, described on page 97 of the User's Guide, (Aunzo et al., 1991) . In these example problems the well has liquid conditions at bottomhole, and flashing occurs inside the well. The well has three feed zones. Only HOLA was used for these problems. Problems 11 and 12 are examples of modeling flow of superheated steam using the simulators HOLA and GWELL. In these two cases superheated conditions exist in the entire well, from bottomhole to wellhead. Selected input and output files are shown on pages 11 to 28. -Similar results were obtained as in Example problem (1 1).
The simulation time was longer for this case because it included C 0 2 in the calculations.
Conclusion
The study showed that the wellbore simulators HOLA, GWELL and GWNACL needed some modifications, mainly to improve the performance of the iteration scheme in Option 2 and modeling flow of superheated steam. The simulators were tested after the modifications were made and the results are better. More studies are required to further improve performance of the simulators. 
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